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Hydrothermal liquefaction is a technique for obtaining clean biofuel from biomass in the presence of a 
solvent at moderate to high temperature (250-550 °C) and pressure (5-25 MPa). Hydrothermal decompo- 
sition of biomass leads to the formation of various compounds depending upon operating parameters. The 
role of processing conditions including final liquefaction temperature, residence times, rate of biomass 
heating, size of biomass particles, type of solvent media and hydrogen donor solvents is important for 
the bio-oil yield and quality of the product. The effect of these parameters on the yield and composition 
of the liquid products is reviewed in the paper. A brief description about the decomposition mechanism 
is also included to highlight the product types during hydrothermal liquefaction. 
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1. Introduction 


Biomass is a biological matter, which includes both fauna and 
flora. Biomass resources include wood and wood waste, energy 
crops, aquatic plants, agricultural crops, and animal wastes. Munic- 
ipal and milling activities generate huge quantities of mixed 
biomass like sawdust, manure, sewage sludge, cooking wastes. 
Vegetative biomass is generally composed of lignin, cellulose, 
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and hemicelluloses and varies in composition depending on plant 
species. Both cellulose and lignin exhibit the plenteous carbon 
reproducibility on earth. Cellulose is a linear polymer of glucopy- 
ranose with molecular weight >100,000. Lignin is an amorphous 
phenolic polymer, which builds on p-hydroxyphenylpropane, gua- 
iacylpropane, and syringylpropane monomers. Mannose, glucose, 
and xylose polymerize to hemicelluloses. Lignin and hemicelluloses 
are components of cell wall to provide necessary rigidity and are 
often called lignocelluloses [1-3]. 

Biomass can broadly be categorized as organic matters build 
up by plants during photosynthesis in which sunlight and CO2 
is converted into chemical energy leading to cellulosic biomass 
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such as. 


BCOsk SHIO EE Colas + 602 (1) 


The bio-energy thus produced by plants is amassed in flora as 
biomass energy. During combustion of biomass, the same amount 
of heat energy and carbon dioxide is produced. It essence biomass 
as renewable energy source that can share fossil energy loads. 

Over the years, fossil fuels have been the cheapest source for 
petroleum and petrochemical industries, which led to the devel- 
opment of millions of petroleum based products. However, fuel 
price demand has reached record hikes in recent times triggered by 
factors like depletion of easily accessible deposits, ever increasing 
demand by emerging economies. The increase in energy demand 
requires replacement of a major portion of the fuel with green 
energy supplies and technological development for the said pur- 
pose [3]. Steady decline in valuable petroleum commodity against 
ever-increasing demand has drove researchers to search for alter- 
native resources for energy and chemicals. Biomass may likely be 
the solution to the search [4]. Biomass was once the global major 
energy source before the advent of fossil fuels. Fossil energy being 
the cheapest and easily accessible, dominated all other energy 
resources over the recent past. However, fossil oil depletion and its 
uneconomical extraction have once again highlighted biomass as 
a source of energy in transportation and power generation related 
applications. Huge potential also lies in production of various chem- 
ical products from biomass that can serve humanity at cheaper 
price than petroleum based chemicals (petrochemicals). Being a 
renewable source, biomass can carry the energy loads demand 
worldwide. Environmental and social issues are other triggers for 
biomass utilization, which can boost clean environment and social 
well-being of less developed areas. Certain advantages in utilizing 
biomass as an alternative energy include: (i) CO free substitute 
of fossil fuel, (ii) SOx, NO, trimmer, (iii) biodiversity and social 
prospects. Plants consume carbon dioxide during photosynthesis, 
which helps to reduce greenhouse gases (GHG). By maintaining a 
balance between plant biomass production and its utilization, it 
is possible to achieve almost zero GHG emissions. CO emissions 
on g/KWh electricity generation bases are the lowest in case of 
biomass (17-27) compared to coal (955), oil (818) and gas (446). 
With improved biomass utilization technology in future, biomass 
is expected to emit only 15-18 g/KWh of CO2 supporting its CO2 
neutral nature [5]. 

The present scenario in alternative energy demonstrates renew- 
able energy has great potentials and research activities have 
focused to economically utilize abundant biomass to benefit 
humanity. However, millions of tones of biomass globally produced 
every year is either used in domestic and low level commer- 
cial activities or degraded by microorganisms. For example in the 
United States, out of 512 millions tones of biomass produced in 
2004 only 15% was used as fuel [4]. Biomass conversion into fuels 
and chemicals can save foreign reserves and boost economic activ- 
ity in regions of the world, which lack in fossil fuel resources and 
have abundant biomass such as Malaysia, Thailand, and Indonesia. 
Conversion of biomass into fuels and chemicals can share demand 
loads of such commodities in order to avail cheaper means of trans- 
portation, electricity, and chemicals like bio-plastics, bio-fertilizers, 
and bio-polyesters. Conversion of waste biomass would also reduce 
dumping costs such as in incineration of municipal wastes dimin- 
ishing up to 90% wastes volume and producing fuels or biomass 
based chemicals [6]. Technology that can base such utilizations 
would propel research, social and economical activities and would 
decrease reliance on fossil energy. Thus, share of biomass energy 
to meet world energy demand is expected to rise in future boost- 
ing technological development for biomass utilization. The major 
objective of this review is to summarize the effect of processing 


parameters on hydrothermal liquefaction yield. Scattered informa- 
tion about processing parameters has been discussed in original 
articles, technical notes, and review papers. This review is an effort 
to elucidate the role of operating conditions on bio-oil yields and 
compositions. Besides, a brief detail about mechanistic aspects 
is also included to examine the relationship between processing 
parameters and oil yield in hydrothermal media. 


2. Hydrothermal extraction of biomass 


Water present in biomass poses negative effect on pyrolysis, 
as it requires high heat of vaporization. This limits the options 
for biomass as feedstock and overall process economy. In general, 
pyrolytic liquefaction usually liquefies biomass suitably having 
<40% of moisture contents. Water contents in tropical grasses can 
be as high as 80-85% or similarly ~90% for aquatic species. Biomass 
usually requires preprocessing to suit for pyrolysis applications. In 
order to cater moisture content problem, few studies have sug- 
gested atmospheric drying followed by mechanical dehydration 
[7]. Nevertheless, other means of drying has also been applied [8]. 
Solar drying may be cost effective but it requires longer times 
for biomass to lower the moisture contents. Other dehydration 
methods are costly and make pyrolysis processes uneconomi- 
cal. One solution to handle high moisture contents in biomass 
can be hydrothermal liquefaction of biomass. This method can 
liquefy biomass with any level of moisture contents. Hydrother- 
mal liquefaction yields high biomass conversion and relatively 
pure products. Biomass like grasses, tropical and aquatic planta- 
tions can suitably be liquefied by hydrothermal extraction process. 
Fluids possess high salvation power at hydrothermal conditions. 
Under hydrothermal conditions, fluids attain properties suitable 
for biomass liquefaction such as high density, good heat, and 
mass transfer capabilities like in gases, fast decomposition, and 
extraction [9,10]. However, under extreme operating conditions, 
corrosion and scaling are major limitations of sub/supercritical flu- 
ids operations. 

Hydrothermal liquefaction is an environment friendly tech- 
nology. Unlike the hazardous products of combustion, such as 
ammonia, NOx, etc, hydrothermal oxidation converts heteroatom’s 
present in biomass are converted into harmless byproducts. Under 
hydrothermal water conditions, biomass and oxygen rapidly oxi- 
dize or mineralize to form CO; or H20. Nitrogen heteroatom present 
in biomass, mainly converts Nz with some N20. Sulfur, chlorine, and 
phosphorous are mainly oxidized to their respective inorganic acids 
that are neutralized to salt by adding suitable base [11]. However, 
the presence of acids during hydrothermal processing can harm 
vessel lining and require some precautionary measures. Addition 
of weak base along with biomass in SCWO may inhibit the corrosive 
action of acids. Hydrothermal oxidation is an effective proven tech- 
nology suitable for wide range of feedstock including wet biomass, 
sewage sludge, and high sulfur coals. A review of previous stud- 
ies on different type of biomass using sub/supercritical oxidation is 
shown in Table 1. Excellent reviews for hydrothermal liquefaction 
of can be referred for further information [11-19]. 


3. Effect of processing parameters on bio oil yield during 
hydrothermal biomass liquefaction 


3.1. Effect of temperature 


Generally, it is accepted that temperature adds synergetic effect 
on the yield of liquids due to extended biomass fragmentations 
with increase in temperature. When the temperature is sufficiently 
larger than the activation energies for the bond cessation, the 
extensive biomass depolymerization occurs. This increases both 
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Table 1 
shows the effect of solvent types and operating conditions on the liquid oil yield. 
Biomass type Solvent type Te (K) % bio-liquid yield Ref. 
Prang mites australis Erhanal ae spe 20] 
Methanol 513 38.7 
Acetone 508 35.6 21] 
Cotton cocoon shell Water 653 69.1 
Corncob Water 575 75 10] 
Methanol 573 60.5 22] 
Verbascum stalk Ethanol 573 43.3 
Water 647.8 17.1 
, Ethanol-water (5:5) 573 38.35 23] 
Rice straw 2-Propanol-water (5:5) 573 39.7 


concentration of free radicals and probability of repolymeriza- 
tion of fragmented species. The competition among hydrolysis, 
fragmentation and repolymerization reactions defines the role of 
temperature during pyrolysis. Depolymerization of biomass is a 
dominant reaction during initial stages of pyrolysis. Repolymer- 
ization becomes active at later stages that leads to the formation 
of char. Intermediate temperature usually yields higher amounts 
of bio oil. The suitable temperature for production of oil yield also 
depends upon biomass types which is discussed later in this review. 
Selection of optimum temperature can be a task as properties of 
water changes rapidly in near supercritical conditions. The tem- 
perature higher than 374°C supports greatly to the gas formation 
[24]. Karagoz et al. [25] reported the liquefaction of sawdust at 
180°C, 250°C and 280°C. The total oil yield at these temperatures 
was 3.7%, 7.6% and 8.5% respectively - indicating the synergetic 
effect of temperature increase on sawdust liquefaction. Maximum 
of 45% water solubles were produced at 250°C possibly due to 
decomposition of cellulose around this temperature [26]. Xu and 
Etcheverry [27] reported the effect of sub- and supercritical condi- 
tions on liquefaction of Jack pine powder in Hz environment. Under 
2.0 MPa pressure of H2, temperature shift from subcritical (220°C) 
to near supercritical (350 °C) observed 25% increase in oil yield. Rate 
of liquids production was higher from temperature range 250°C 
to 300°C. Decrease in sawdust degradation rate around 300°C 
was attributed to repolymerization and cyclization of fragments. 
Liquefaction is thermodynamically unfavorable since at low tem- 
peratures biomass liquefaction is endothermic, but exothermic at 
high temperatures. 

Influence of temperature on the yield of liquefaction products 
seems sequential. Initially the rise in temperature triggers bio-oil 
yield. After reaching a maxima for the oil yield, further increase 
in temperature actually inhibits biomass liquefaction. Very high 
temperature is not usually suitable for production of liquid oils 
both in terms of operational cost and liquid oil yield. In gen- 
eral, there are two reasons for this behavior. Firstly the secondary 
decompositions and Bourdard gas reactions become active at high 
temperatures which lead to the formation of gases [28]. Secondly, 
the recombination of free radical reactions leads to the char for- 
mation due to their high concentrations. These two mechanisms 
become dominant at high temperatures, which reduce the pro- 
duction of oil from biomass. Moreover, at temperatures <280°C, 
incomplete decomposition of individual biomass components sup- 
presses the bio oil yield. Under hydrothermal conditions, lignin and 
cellulose fragments rapidly at >250°C [29]. Thus, it can be pre- 
sumed that 300-350°C would be an effective temperature range 
for decomposition of biomass both for sub- and supercritical con- 
ditions. 

Fig. 1 gives information on variation in yield of liquid oil pro- 
duced from biomass as a function of temperature in hydrothermal 
media. Liquefaction at low temperature produced insignificant 
amount of liquid oils. According to studies by Zhou et al. [30], 
Yin et al. [31], Zhang et al. [32], and Sugano et al. [33], tempera- 
ture range of 300-315°C was suitable for efficient production of 


liquid oils. Biomass feedstocks used by them were Enteromorpha 
prolifa, cattle manure, grassland perennials and eucalyptus, respec- 
tively. These biomass types are similar to each other and are 
loosely structured. Similar results were reported in Qu et al. [34] 
for liquefaction of Cunninghamia lanceolata. High yield of liquid oils 
approximately 76% at 300-310°C reported in Zhang et al. [32] are 
due to the fact that they supposed acetone solubles as liquid oil 
fraction. So in their case, liquid oil fraction included both acetone 
and bio oil. These study highlighted that final temperature range 
of 300-330°C was sufficient for production of bio-oil. All of the 
biomass used in these studies can be regarded grasses or softwood 
species. This may indicate that biomass type can effect the final 
temperature of liquefaction. Xiu et al. [35] observed that increas- 
ing temperature from 260 to 340°C increased the amount of bio oil 
from liquefaction of manure. However, Shuping et al. [37] liquefied 
microalgae Dunaliella tertiolecta cake and observed ~360 °C as opti- 
mum temperature. The useful temperature range for hydrothermal 
liquefaction can range from 300 to 350°C. According to Fig. 2, the 
amount of solid residue sharply decreased as function of temper- 
ature for liquefaction of lignocelluloses biomass (eucalyptus). The 
amount of solid residue was ~14 wt% at 300°C and there was neg- 
ligible decrease afterwards. At the same time maximum amount of 
liquids oils were obtained at 300 °C. This showed that variations in 
the amount of solid residue can be set as reference point to measure 
optimum liquefaction temperature. Suggestable temperature for 
hydrothermal liquefaction can be sought around 300°C. However, 
in compact biomass types may require higher temperature. 


—@#— Zhou et al.[30] 
—¢e— Yin et al. [31] 
—á— Zhang et al. [32] 
—e— Sugano et al. [33] 
—— Qu et al. [34] 
—s— Shuping et al. [36] 
—#— Zhang et al. [34] 
—6- Karagoz et al. [38] 
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Fig. 1. Effect of temperature on yield of liquid oils. 
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Table 2 
Effect of feedstock types on the composition of bio oil by hydrothermal process. 
Feedstock type Bio oil composition Temp. (K) Ref. 
Monosaccharide (glucose, mannose, 5-Hydroxymethylfurfural, 2-furaldehyde glycolaldehyde, 613 [41] 
fructose, galactose, D-sorbitol) dihydroxyacetone glyceraldehydes, 1,2,4-benzenetriol 
pyruvaldehyde, lactic acid, acrylic acid acetaldehyde, 
formic acid, acetic acid glycolic acid, acetone 
Cellulose Acids, cellubiose, erythrose, 1-6 anhydroglucose, 5HMF 623 [42] 
Catechol Cyclopentanone, 5-hydroxymethylfuran, 623 [43] 


2-methyl-2-cyclopentenone, phenoxymethane, 
3-methyl-2-cyclopentenone, phenol, 
octamethyltetrasiloxane, o-cresol methyl ether, cymene, 
2-cyclopenten-1-one, 2,3-dimethyl, o-cresol, p-guaiacol, 
m-cresol, guaiacol, 2-methylindane, methyl guaiacol, 
cyclopentasiloxane, p-cresol, catechol, p-methylguaiacol, 
2-formyl-4-methoxyphenoll, p-ethylguaiacol 
2,5-dimethoxytoluene, dodecamethylcyclohexasiloxane, 
1,3-bis(trimethylsiloxy) benzene, 


3-isopropylbenzaldehyde, 


1-hydroxy-4-aminoanthraquinone, 
methylisopropylphenanthrene 


3.2. Effect of particle size 


The purpose of particle size reduction is to increase the acces- 
sibility of biomass to hydrothermal treatment for achieving higher 
degree of hydrolysis and fragmentation. It is also true that size 
reduction of biomass costs considerable amount of energy. Thus, 
an optimum particle size of biomass should increase the yield 
of products of hydrothermal liquefaction at low grinding cost. In 
general, particle size imparts negligible to low effects in hydrother- 
mal liquefaction of biomass. This is because sub/supercritical 
water act both as a heat transfer medium and as an extractant. 
Sub-/supercritical water help to overcome the heat transfer lim- 
itations in hydrothermal liquefaction, which makes particle size 
as a secondary parameter. Hydrothermal liquefaction is relatively 
insensitive to size of the particle and there is no need for excessive 
size reduction of biomass feedstock. Zhang et al. [32] observed the 
effect of three different particles sizes (1 in, 2mm and 0.5mm) on 
the liquid oil yield in hydrothermal liquefaction of grass perenni- 
als. According to their observations particle size reduction did not 
improve the liquid oil yield at 350°C. There was 2% reduction in the 
yield of liquid oils at supercritical conditions (374°C, 22.1 MPa). 
Effect of particle size on product distributions is not widely dis- 
cussed in literature due to its low importance as parameter. The 
particle size distributions that lead to the low grinding costs are 
usually recommendable. Coarse grinding leads to low energy con- 
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Fig. 2. Yield of liquefaction products as function of temperature Sugano et al. [33]. 


sumption while fine grinding requires large energy inputs with 
little increase in surface area. According to Mani et al. [39], grind- 
ing cost was almost double for particle size reduction from 3.2 mm 
to 0.8mm during dry grinding of wheat straw, barley straw, and 
switch grass. For hydrothermal liquefaction purposes, the particle 
size in between 4 and 10 mm will be suitable to overcome heat and 
mass transfer limitations at reasonable grinding cost. 


3.3. Effect of biomass feedstock 


Heterogeneity in biomass stock leads to the modification in 
liquid products and overall yield. This is because major biomass 
components such as lignin, hemicelluloses, and cellulose behave 
differently to hydrothermal temperature variations. In general, 
presence of high cellulose and hemicelluloses content in biomass 
yields more bio-oil. For example, hardwood samples (cherry) pro- 
duced more oils than softwood (cypress) due to the high lignin 
contents in later biomass [40]. Zhong and Wei [24] studied the 
effect of temperature on aqueous liquefaction of four different 
woods (C. lanceolata, Fraxinus mandshurica, Pinus massoniana Lamb. 
and Populus tomentosa Carr.). Bio-oil yield was influenced by both 
temperature and lignin contents of wood. Heavy oil production was 
the maximum for Fraxinus mandsurica wood type due to its low 
lignin contents. Even at high temperature (>330), cyclization and 
repolymerization of lignin fragments of liquid oil reduced oil yield 
[10]. Lignin is difficult to degrade and mostly appears in residue 
fraction. Eqs. (2) and (3) provide a correlation between char residue 
amount and lignin contents of wood biomass under operating con- 
ditions described in [24]. 


maximum heavy oil yield = 40.525 — 0.583 x (lignin percentage) 
(2) 
maximum amount of char residue = lignin percentage — 5.477 (3) 


The final pyrolysis temperature to produce maximum oil yield 
also tends to increase with lignin contents in biomass. For example, 
a presence of 32.44% lignin in C. lanceolata wood sample shifted the 
final pyrolysis temperature to 613 K compared to 573 K in case of 
Fraxinum madshuria wood (21% lignin) [24]. Thus, it is presumable 
that presence of lignin in biomass leads to low oil fractions during 
pyrolysis. On the other hand, hydrothermal decomposition of both 
the cellulose and hemicelluloses enhances the aqueous fraction. 
The decomposition potential for individual biomass component 
owes to their structure. Decomposition is easier in hemicelluloses 
due to amorphous structure. Cellulose is little crystalline to decom- 
pose due to B (1-4) glucosidic linkages and relatively intermediate 
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degree of polymerization (500-10,000). High degree of polymer- 
ization (>10,000) and complex branching makes lignin difficult to 
decompose even at very high temperature [11]. Physical properties 
of bio-oil also depend upon the feedstock type. Oxygen and mois- 
ture contents are usually high in bio oil obtained from liquefaction 
of loosely structured biomass species. This significantly lowers the 
oil quality and HHV. The viscosity is also low in such species. The 
reverse is true for compact biomass such as coal. 

Finally, the variations in the bio oil composition also depend 
upon the biomass feedstock. This is due to the differences in 
the building blocks of three major components of lignocellulosic 
biomass. Hydrothermal decomposition of cellulose and hemicellu- 
loses lead to the formation of sugars and aqueous decomposition 
products. Major products of hollocelluloses degradation include 
cellohexaose, cellopentaose, cellotriose, cellobiose, fructose, glu- 
cose, erythrose, glycolaldehyde, glyceraldehydes, pyruvaldehyde, 
and furfurals. Table 2 shows the effect of different biomass 
feedstock on the composition of oil obtained in hydrothermal liq- 
uefaction. 


3.4. Effect of biomass heating rate 


Higher heating rates are supportive for bulk fragmentation of 
biomass and inhibit the char formation. This is true for both pyrol- 
ysis and hydrothermal liquefaction of biomass. However, heating 
rates impart low effect on the product distributions in hydrother- 
mal liquefaction than in pyrolysis. The reason to this point is the 
better dissolution and stabilization of fragmented species in hot 
compressed water (solvent) medium. Even in pyrolysis, the pres- 
ence of moisture contents resists char formation and improves 
liquid oil yield [44]. Zhang et al. [32] observed synergetic effect 
of heat up rates on the yield of liquid oils during hydrothermal 
liquefaction of grassland perennials. For heating rates interval of 
5-140°C/min, liquid oil yield increased from 63% to 76%. For prac- 
tical purposes, empirical correlation may be suitable to estimate 
the yield of liquid oil, as a function of heating rates as shown in Eq. 
(4). Design of experiments and regression analysis are helpful to 
develop an equation for particular biomass species and operating 
conditions [32]. 


liquid yield(%) = [0.0042 x In(heating rate) + 0.5514] x 100 (4) 


Slow heating rates usually lead to the formation of char residue 
due to secondary reactions. Secondary reactions become also dom- 
inant at very high heating rates which results in high gas yields 
as in case of supercritical liquefaction. Moreover, liquid oil yield is 
not very sensitive to large variations in high heating rates. Suitable 
heating rates can lead extensive fragmentation and minimal sec- 
ondary reactions. On such bases, moderate heating rates may be 
enough to overcome heat transfer limitations and to produce high 
liquid oil amounts. 


3.5. Effect of solvent density 


Many researchers have investigated the potential effect of water 
or solvent density on liquefaction yield of hydrothermal processes 
[25,43,44]. Mass ratio of biomass to water is considered a key 
parameter. In general, high amount of water is suitable for produc- 
tion of liquids and gas yield, possibly due to enhanced extraction 
by denser solvent medium [45]. Wang et al. [46] observed that high 
solvent to mass ratios reduced the amount of leftover residues. This 
reduction can be attributed to increase in salvation for biomass 
components. Apart from residues reduction, high amounts of sol- 
vents also decreased gas yield [47]. For comparison, pyrolysis of 
biomass usually produced more gases than hydrothermal liquefac- 
tion [25]. This suggested that solvents enhance the stability and 


solubility of fragmented components. During hydrothermal treat- 
ment of biomass, solvents extract the biomass components that 
enhance the dissolution of biomass fragments. At high biomass to 
water ratios, the relative interactions among molecules of biomass 
and that of water become less influential, which can suppress dis- 
solution of biomass components. Hydrothermal process tends to 
behave like pyrolysis at very high biomass to solvent ratios. How- 
ever, increasing biomass to water ratio does not always yield high 
liquid amounts. Bookcock and Sherman [47] observed that at very 
low biomass/solvent ratios, the amount of liquid oils decreased 
comprehensively. 


3.6. Effect of pressure 


Pressure is another parameter for degradation of biomass 
in hydrothermal liquefactions. Pressure maintains single-phase 
media for both sub- and supercritical liquefactions. This single- 
phase liquefaction is necessary to avoid large enthalpy inputs 
required for phase change of solvents. Two-phase system requires 
large heat supply to maintain the temperature of the system [48]. 
By maintaining pressure above the critical pressure of medium, the 
rate of hydrolysis and biomass dissolution can be controlled that 
may enhance favorable reaction pathways thermodynamically for 
production of liquid fuels or for gas yield. Pressure also increases 
solvent density. High-density medium penetrates efficiently into 
molecules of biomass components, which results in enhanced 
decomposition and extraction [49]. However, once supercritical 
conditions for liquefaction are achieved, pressure impart little or 
negligible influence on yield of liquid oil or gas yield [50-53]. This 
is because in supercritical region, influence of pressure on the prop- 
erties of water or solvent medium is very small. Sangon et al. [50] 
observed that increase in pressure (7-12 MPa) slightly increased 
liquefied oil yield during coal liquefaction in supercritical con- 
ditions. Catalytic runs in the same study actually decreased the 
amount of oil with increase in pressure, which can be attributed to 
blocking of catalyst active sites by high-density solvent. Kabyemela 
et al. [53] observed that rate constant for glucose degradation was 
lowered by pressure rise. Kabyemela et al. [52] reported that pres- 
sure change (30-40 MPa) at 400°C could not influence the rate of 
hydrolysis for cellobiose liquefaction and observed the decrease in 
rate of pyrolysis of the same. Pyrolysis of biomass depends upon 
breakage of C-C linkages. However, when pressure is increased in 
supercritical conditions, the increase in local solvent density causes 
cage effect for these bonds. This cage effect inhibits C-C bonds 
breakage, which ends up in low fragmentations. Thus, variation 
of pressure in supercritical liquefaction may not play an important 
role for overall liquid oil yields. 


3.7. Effect of residence times 


Many researchers have investigated effect of residence times on 
hydrothermal liquefaction [34,54-57]. Duration of reaction times 
may define the composition of products and overall conversion of 
biomass. As rate of hydrolysis and decomposition is relatively fast in 
supercritical processes [58], the short residence times are expected 
to degrade biomass effectively. Normally in supercritical water oxi- 
dation waste treatments, dilute organic compounds are destroyed 
by oxidants at supercritical temperature and pressure for short 
residence times. However, optimization of residence times is nec- 
essary for effective destruction of organic compounds in biomass 
[59]. During hydrothermal biomass liquefaction, small residence 
times are usually preferred as well. Different studies have reported 
results for bio-oil yield as a function of residence time. According 
to Boocock and Sherman [47], longer residence times suppressed 
the bio-oil yield except for very high biomass to water ratios. Yan 
et al. [57] observed negligible increase in liquid yields for longer 
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residence times on liquid yields. Karagoz et al. [38] reported that 
increase in residence times at low temperatures (150°C) favored 
the liquid oil yield and conversion of sawdust. Reverse was true 
for high temperatures (250-280 °C) although overall conversion of 
biomass and gas yield increased with rise in temperature. Qu et al. 
[33] observed decrease in heavy oil yield for longer residence times 
and concluded that shorter residence times produced more amount 
of oil. There may be many reasons to the effect of residence times in 
liquefaction. In hydrothermal medium, there are always chances for 
the secondary and tertiary reactions. These reactions can convert 
heavy intermediates either into liquids, gases, or residues species. 
Once conversion of biomass reached its saturation point, the 
chances for decrease in oil yields become even more probable. Resi- 
dence times may also affect the composition of bio oil. According to 
Karagoz et al. [38], the decomposition products were not similar for 
longer and shorter residences times both for low (180°C) and high 
(250°C) temperatures. For example, 5-(hydroxymethyl)-2-furan 
carboxaldehyde, 4-hydroxy-3-methoxybenzoic acid, 4-hydroxy- 
3-methoxybenzeneacetic acid and bis-(2-ethylyhexyl) phthalate 
were observed for 60 min, which could not be found in short resi- 
dence times cases (15 min). It is also notable that longer times can 
decompose preasphaltenes and asphaltene into lighter products, 
which can enhance the yield of light oil and gases [47]. To obtain 
high liquid oil yield, it is necessary to inhibit the decomposition of 
lighter products. Addition of reducing agents like tetraline, hydro- 
gen, and syngas can stabilize the radicals and products. In general, 
oil yield reaches a maximum before decreasing for very long res- 
idence times while gas yield and biomass conversion increase 
continuously until the saturation point [55]. 


3.8. Effect of reducing gas/hydrogen donors 


The role of reducing gases or for hydrogen donors is to stabilize 
the fragmented products of liquefaction. Reducing species inhibit 
the condensation, cyclization, or re-polymerization of free radicals, 
and hence reduce char formation [27]. Eqs. (5) and (6) show the con- 
cept for stabilization of aromatic radicals (Ar*) of lignin by hydrogen 
gas to useful liquid oil products [36]. Although H3 is very effective 
in stabilizing the fragmented products, it is a costly option. Alter- 
natively, synthesis gas (CO/H2), steam, N3 and Argon, etc. are other 
options to serve the same purpose. 


Ar® + H2 —> ArH + H° (5) 


Ar* + H° > ArH (6) 


According to Fig. 3 bio oil yield peaked at 310°C irrespective 
of the reducing environment. However, reducing gases influenced 
the overall yield of bio oil during the hydrothermal processing of 
cattle manure. This probably may be due to the different reactivity 
of the reducing gases. Air cannot be used as reducing gas since it 
leads to the combustion of the biomass. That is why; the amount of 
bio oil yield was considerably lower at all temperature points stud- 
ied. Results showed that higher reactivity of CO and H3 stabilized 
more of fragmented radicals during liquefaction. Probably biomass 
radicals show more affinity of towards H, or CO and get stabilize 
easily. Less amount liquid oils in Nọ environment is mainly due 
to its low reactivity comparatively. This discussion shows us that 
reactive gases are better options for hydrothermal liquefaction than 
inert gases. H2 gas or mixture of CO/H2 gases is recommendable as 
reducing gases. Usage CO as reducing gas may be ignored due to its 
hazardous nature. 

Bubbling nature of reducing gases require specialized pyrolyz- 
ers to inhibit both the gas channeling and its maldistribution. To 
offset these problems, hydrogen donor (HD) solvents are the more 
favorable option to hydrogenate the biomass fragments compared 
to reducing gases. These solvents not only donate hydrogen but 
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Fig. 3. Effect of reducing gases on liquid oil yield as a function of liquefaction tem- 
perature Yin et al. [31]. 


also act as hydrogen transport vehicle [60]. Ability of a HD sol- 
vent to release hydrogen defines its hydrogenation power. Tetralin 
is among the popular solvents for hydrogenation of fragmented 
species. Tetrahydrophenanthrene, octahydrophenanthrene, hex- 
ahydropyrene, hexahydrofluorene, and tetrahydroacenaphthene 
are other useful solvents for hydrogenation. Eq. (7) shows the 
release of hydrogen atoms by a hydroaromatic compound [61]. 


—> + 4H 


(7) 


Many researchers have elucidated the effect of hydrogen donor 
species on the composition of products of liquefaction. Wang et al. 
[60] observed the effect of solvents and reducing gases on the 
yield of liquids, gases, asphaltenes, and preasphaletes in liquefac- 
tion of sawdust. Presence of tetralin solvent enhanced liquid oil 
yield by suppressing the formation of asphaltenes, preasphaltenes 
and gases. Tetralin produced 58.9% liquids compared to 42% for 
toluene solvent (non-hydrogen donor). Reducing gases (H2 or syn- 
gas) favored the formation of gases and suppressed liquid oils <40%. 
It is noticeable in this study, that high yield of liquid in case of 
tetralin solvent is due to suppressed asphaltenes, preasphaltenes 
or gases. This is because of the hydrogen shuttling ability of HD 
solvents, which overcome hydrogen distribution and mass transfer 
limitations. Prompt supply of hydrogen enhances the hydrogena- 
tion reactions among asphaltenes, and preasphaltenes and inhibits 
their poly-condensation. Dissolution effect of HD solvents stabilizes 
gases quickly before these can actually escape from the decompos- 
ing matrix. Moreover, HD solvents donate hydrogen to separate 
oxygen contents from major biomass constituents by facilitating 
water formation. This increases the HHV of bio oil and thus its qual- 
ity [62]. Reducing gases only impart secondary effect on the yield 
of liquids. Irrespective of the fact that reducing gases can mod- 
ify the composition of products of liquefaction, such gases only 
add negligible to low effect. Boocock and Sherman [47] observed 
negligible effect of hydrogen or nitrogen gases on the products 
composition of wood hydropyrolysis. Similarly, Xu and Etcheverry 
[27], and Bestue-Labazuy et al. [63] also suggest the low effect of 
hydrogen gas on products of liquefaction. However, addition of a 
suitable catalyst markedly enhances the effectiveness of reducing 
gas [60,64]. A formal interaction among the molecules of reducing 
gas and fragmented species of biomass is necessary for stabiliza- 
tion of such fragments. Low probability of reactions among the 
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Fig. 4. (a) Dehydration of saccharides to 5-hydroxymethylfurfural [70]. (b) Simpli- 
fied decarboxylation network of stearic acid to diesel products [71]. 


reducing gas molecules and free radicals leads to the high gas or 
char yield possibly due to high condensation and rearrangement 
of free radicals. Adsorption of reducing gas on a catalyst surface 
may increase probability of reactions among the species. This can 
be the possible explanation for the increase in liquid oil yield by 
catalyst/reducing gas combination. Table 3 shows the effect of HD 
solvents and reducing gas on the yield of products of liquefaction. 


4. Brief description on decomposition mechanism in 
hydrothermal liquefaction 


One of the main purposes of biomass liquefaction processes is to 
decrease oxygen contents of biomass. In general, oxygen represents 
40-50% of the wood biomass. Dehydration and decarboxylation 
are two major reactions that can remove oxygen heteroatom in 
the form of H20 and CO; respectively. In hydrothermal liquefac- 
tion process, high operating conditions cause dehydration of the 
biomass components. Decarboxylation is the thermal cracking of 
long chain carboxylic acids, which releases CO, and reduces the 
chain size. Further details on decarboxylation can be viewed in 
review [69]. Removal of H20 and CO, from biomass gives the 
best option to lower oxygen contents from bio-oil since they are 
fully oxidized thermodynamically. Removal of H20 from biomass 
produces pure carbon like substance such as charcoal while CO3 
removal from biomass tends to leave a product with high H/C ratio. 
A simplified concept of dehydration and decarboxylation reactions 
is shown in Fig. 4(a) and (b). 

In hydrothermal biomass degradation, solvolysis and depoly- 
merization are considered major reactions for bio-fuel production 
[72]. In solvolysis, the major role of solvent is either to fragment the 
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Fig. 5. Mechanism for supercritical water hydrolysis of DPE [76]. 


biomass by neucleophilic substitution reactions or to stabilize the 
fragmented products. Stabilization of biomass fragments reduces 
char or coke formation [73]. Hydrolysis is the term generally used 
when water is used as solvent for liquefaction processes. Due to 
high temperature, thermal breakdown of biomass also occurs dur- 
ing hydrolysis reactions. Hot compressed water breaks the bonds 
of biomass materials at heteroatom sites and hydrolyzes the frag- 
ments. 

Thermal hydrolysis is different from acid or enzymatic hydrol- 
ysis. We here focus on mechanism details for thermal hydrolysis 
only. Many studies have searched hydrolysis pathways for 
hydrothermal biomass liquefaction process. Sasaki et al. [74] 
reported the hydrolysis of cellulose at different temperatures 
(320°C, 350°C, 400°C) and 25 MPa. Cellulose hydrolysis was faster 
in supercritical or near-supercritical region in which cellulose 
mainly converted into aqueous oligomers (cellubiose, cellotriose, 
cellotetraose, cellopentaose, and cellohexaose) and monomers 
(glucose, fructose). Moreover, yield of hydrolysis products greatly 
decreased for longer residence times and vice versa for aqueous 
decomposition products. This suggested us the time and tempera- 
ture dependency of hydrothermal degradations. 

Fig. 5 explains the hydrolysis of diphenylether (DPE) by SN; 
and SNz mechanism under supercritical water conditions. In 
hydrothermal process, hydrolysis is often accompanied by ther- 
mal decomposition [75]. Under supercritical conditions, hydrolytic 
separation of biomass structure is followed by partial decompo- 
sition of formed compounds. Products formed by decomposition 
are stabilized by oxygenates or hydrogen donor species. This can 
cause repolymerization of fragmented compounds. Addition of 
hydrogen donors such as tetralin enhances the yield of liquid prod- 
ucts. Decomposition and deoxygenation are major reactions, which 
produce final products containing acids, aldehydes, and aromatic 
compounds collectively called bio crude. 

Hydrolyzed and depolymerized products usually undergo sec- 
ondary reactions. Major reactions among these are condensation, 
dehydrations, and isomerization. Water produced during pyrolysis 
of biomass is mainly due to dehydration reactions. 


Table 3 

Effect of HD solvents and reducing gas on the yield of liquefaction products. 
Feed HD solvents Reducing gas Bio-oil yield (%) Ref. 

With reducing gas or donor solvents Without reducing gas or donor solvents 

Popular Tetralin/THN Air/inert 56.6 23.3 [65] 
Cellulose - H2/CO 38.6 5 [67] 
Municipal Tetralin H2 61 - [66] 
Wood Ethyl acetate Ar 68.4 33 [68] 
Sawdust Tetralin - 40 - [15] 
Bituminous Coal tar H2 59 48 [68] 


THN, tetrahydro-naphthalene. 
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4.1. Degradation mechanism for cellulose in supercritical water 


Cellulose is the major model compound intensively studied for 
the production of bio-oil since it contains 40-50% carbon and is 
main component of biomass [73]. References that discussed sub- 
and supercritical liquefaction of cellulose are available [77,78]. Cel- 
lulose is a linear chain polysaccharide of glucose monomers. In 
cellulose structure, glucose monomers are attached to each other 
via B (1-4) D-glucose units. Crystalline nature of cellulose is due to 
these B (1-4) linkages, which resist hydrolytic degradation by acids 
and enzymes [79]. However, sub- and supercritical water can break 
the crystallinity of cellulose by breaking inter and intra molec- 
ular hydrogen bonding. Since cellulose contains high amount of 
fermentable glucose, decomposition of cellulose has been studied 
extensively [58,80,81 ]. 

Kabyemela et al. [52] discussed mechanism of degradation of 
cellobiose in sub- and supercritical water. Their study-inferred 
cellobiose was decomposed and hydrolyzed simultaneously. 
Glucose and fructose were major intermediates of hydrolysis. 
Depolymerization yielded mainly glucosyl-erythrose (GE) and 
glucosyl-glycolaldehyde (GG) intermediates. Glucose and fructose 
intermediates were further decomposed into pyruvaldehyde, ery- 
throse, 1,6-anhydroglucose and acids. GE and GG yielded similar 
products via glucose, fructose intermediates. Sinag et al. [82] 
reported the dependence of products composition on temperatures 
(325 °C, 300°C, 375 °C) and catalysts (K,CO3, HZSM-5, Ni/SiO> ) dur- 
ing hydrothermal degradation of cellulose. The major products 
were glucose, fructose, 5-hydroxymethylfurfural, methylfurfural, 
2-furaldehyde, acetic acid, formic acid, acetaldehyde, formalde- 
hyde, cyclohexanon, and phenols. Carbohydrate intermediates 
were detected at low temperatures indicating these as hydrolyzed 
products of cellulose while at high temperatures no such interme- 
diates were found. High temperature probably decomposed the 
intermediates into smaller products as suggested by Kabyemela 
et al. [52]. At near supercritical temperature acetic acids, phe- 
nols and acetaldehydes were the major products. Furfurals also 
behaved as secondary intermediates. The behavior of cellulose 
degradation is quite common in many studies [73,83]. Sakaki et al. 
[78] proposed saccharification and carbonization as two major 
steps for hydrothermal degradation of cellulose. Saccharification 
led formation of water-soluble sugars with minor decomposition. 
Saccharification was followed by carbonization that decomposed 
water-soluble sugars through dehydration, decarboxylation, and 
aromatization. As a result, water-soluble intermediates converted 
into gases and water insoluble products. Repolymerization of water 
insoluble products yielded char like solid mass. Ehara and Saka 
[84] compared mechanism for degradation of cellulose in super- 
critical water in batch type and flow type reactors. For comparison 
purpose, both of the reactors were operated at 380°C, 40 MPa for 
25 min duration. Cellulose was first hydrolyzed to polysaccharides 
with degree of polymerization in between 13 and 100. Fur- 
ther saccharification yielded oligosaccharides and monosaccharide 
(glucose and fructose). It was interesting to note that decom- 
posed products appeared after saccharification. For both reactor 
types, methylglyoxal and glyceraldehydes were detected during 
first 10 min of operation. Further decomposition and dehydration 
produced erythrose, levoglycosan, 5-HMF and 5-hydroxymethyl 
furfural. 


5. Summary 


Major parameters that influence yield and composition of bio- 
oil are temperature, properties of solvent, solvent density, and 
type of biomass. Temperature is the most influencing parameter 
for liquid oil yield or for biomass conversion. The recommended 


range for final temperature may vary from 300 to 374°C depend- 
ing upon the biomass type and specifications for composition of 
bio oil. Temperature higher than 350°C leads to excessive gas for- 
mation that inhibits the bio-oil production. For temperature lower 
than 280°C, biomass conversion is not sufficient. Sharp temper- 
ature range 300-330°C is advisable for cellulose, hemicelluloses, 
grasses, algae, and soft wood. Hardwood and lignin may need to 
hydrolyze at higher temperatures. 

Type of solvent also affects the liquid oil yield and biomass 
conversion during hydrothermal extraction. Solvents support 
solvolysis, hydration, and pyrolysis reactions during liquefaction, 
which results in better fragmentation of biomass and dissolution 
of free radicals. Water is a suitable solvent due to its cheapness and 
abundant supply. Alternatively, organic solvents are also suitable 
options such as methanol, ethanol, acetone, tetralin, benzene, etc. 
Generally, extraction power of a solvent increases with increase in 
solvent density. This is due to the availability of extra molecules 
of solvents per unit molecules of biomass. For practical purposes, 
high solvent to biomass ratios are usually unfavorable because large 
amounts of solvent cost higher energy inputs and wastewater treat- 
ment problems. 

Secondary parameters include residence times, heating rates, 
pressure, size of biomass particle, and reducing gas or hydro- 
gen donor species. Among these, size of biomass particle and 
heating rates are low influencing parameters. Properties of 
sub/supercritical solvent nullify the effect of biomass particle size 
or heating rates on the yield of bio oil since supercritical solvent 
act both as a heat transfer medium and as an extractant dur- 
ing liquefaction. Solvent under sub/supercritical conditions help to 
overcome the heat transfer limitations that makes hydrothermal 
liquefaction relatively independent of the size of biomass particle 
or heating rates. 

Residence times and reducing gases or HD solvents are moder- 
ate to low influencing parameters. At near/supercritical conditions, 
short residence times are usual practice in hydrothermal liquefac- 
tion. Longer residence times are more suitable in low temperature 
liquefaction. Once saturation point for biomass conversion is 
reached, further increase in residence times will be unfavorable 
to bio-oil yield. Effect of reducing gases is negligible on the yield 
of liquid oils. Low probability of reactions among the reducing gas 
molecules and free radicals leads to high gas or char yield. Reduc- 
ing gas channeling and its maldistribution in pyrolyzing vessel are 
two major reasons for negligible effect of reducing gas on liquid oil 
yield. However, reactive gases such as CO/H2 significantly enhance 
the overall yield of liquid oils. HD solvents seem to benefit bio-oil 
yield than reducing gases. This is due to hydrogen shuttling prop- 
erty of HD solvents, which maintains uniform supply of hydrogen. 
Tetralin is the common HD solvent for hydrothermal liquefaction 
processes. 

Pressure also imparts low to negative effect on the yield of liq- 
uid oils in supercritical medium. The major purpose of pressure is 
to maintain single phase during liquefaction. However, once con- 
ditions for hydrothermal liquefaction are achieved, pressure has 
negligible role in modification of liquid oil yield. 

Finally, the compositional variations in biomass types cause 
changes in composition and yield of products of liquefaction since 
lignin, hemicelluloses, and cellulose degraded differently during 
hydrothermal liquefaction. Presence of high amount of lignin con- 
tents leads to the formation of char residue. Hemicelluloses and 
cellulose are favorable for the bio-oil yield. 
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